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Impact of age on the circadian visual system and the
sleep-wake cycle in mus musculus
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Age plays a critical role in disease development and tolerance to cancer treatment, often leading to an increased risk of developing
negative symptoms including sleep disturbances. Circadian rhythms and sleep become disrupted as organisms age. In this study,
we explored the behavioral alterations in sleep, circadian rhythms, and masking using a novel video system and interrogate the
long-term impact of age-based changes in the non-image forming visual pathway on brain anatomy. We demonstrated the
feasibility and utility of the novel system and establish that older mice have disruptions in sleep, circadian rhythms, and masking
behaviors that were associated with major negative volume alterations in the non-imaging forming visual system, critical for the
induction and rhythmic expression of sleep. These results provide important insights into a mechanism, showing brain atrophy is
linked to age in distinct non-image forming visual regions, which may predispose older individuals to developing circadian and
sleep dysfunction when further challenged by disease or treatment.
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INTRODUCTION

Age is important in disease development and progression'?, as
well as response and tolerance to oncologic treatment®. Aged
individuals are predisposed to develop negative behavioral
outcomes, such as disrupted sleep, when exposed to stressors*>.
With age, there are progressive and distinct alterations in the
expression of sleep patterns with negative effects seen within the
homeostatic and circadian systems, which drive sleep behavior®”.
Older humans sleep progressively less as they age®. This decrease
in total sleep time is mirrored in mouse models>'® and
accompanied by fragmentation and poorer sleep quality'’. Such
sleep disruptions are associated with increased mortality in older
humans'? In the circadian system, older individuals also have
dampened circadian rhythms®'?, alterations in rhythm onset'?,
and increased phase shifting speed''® but with delayed
peripheral clock entrainment'’. In aged mice, the added stress
of jetlag has also been demonstrated to be associated with
increased mortality'®, suggesting the importance of circadian
rhythms on the health of older organisms. Understanding the
effects of aging on the circadian system is, therefore, important in
elderly patients exposed to stressors like oncologic treatments.
The circadian system is comprised of three components'®, the
input entrainment mechanism, the central pacemaker (suprachias-
matic nucleus, SCN), and downstream oscillators within the brain
and periphery that feedback to regulate the central pacemaker, all
of which are impacted by aging®. Aging causes a decrease in the
strength of clock gene expression within the SCN?' with
dampened rhythms in glucose utilization®* and in electrical firing
rate activity?>?*, These alterations within the SCN lead to down-
stream dampening of rhythms within the periphery'’?*, and the
clock-controlled genes which are regulated in a tissue-specific
manner. The input mechanism that entrains the SCN in mammals
conveys light information solely through the retinal hypothalamic

tract (RHT) from the eye®®. Light signal in the retina destined for
the SCN is transmitted through melanopsin containing retinal
ganglion cells?”"?° called intrinsically photosensitive retinal gang-
lion cells (ipRGCs). Despite the well-established impact of aging on
sleep and circadian rhythms, few studies have examined the
impact of age on the input system®>*', and none have examined
the long-term downstream effects within non-image forming
regions important for circadian rhythms and masking. Additionally,
because many of the studies outlined in our review examining the
behavioral analysis of sleep and circadian rhythms are from 20+
years ago, the implementation of updated software to quantify
and summarize these behaviors in modern literature is needed.

Recognizing the importance of age in the biology of circadian
rhythms, the complexity of the input system, and its downstream
effects and associated behavioral manifestations, we explored the
relationship between long-term structural changes in the non-
image forming visual system using magnetic resonance imaging
and age-related alteration in the expression of behavioral circadian
rhythms and sleep using a novel system. We hypothesized that
deterioration of these structures with age is important in driving
deficits observed in behavior, and therefore, could play a role
in promoting the development of treatment-related symptoms in
older individuals. Here, we validate age-based differences in
circadian rhythms, sleep patterns, and masking behavior using a
novel video tracking system. Further, we then demonstrated that
age impacts the number of retinal ipRGCs which leads to alterations
in the brain volume of non-image forming visual regions. These
findings suggest that the input system, and specifically the ipRGCs,
play a crucial role in the alterations of circadian rhythms, sleep, and
masking caused by physiologic aging processes within animals. This
novel finding is critical as testing the sensitivity of these regions
could aid in the development of strategies to lower the incidence of
treatment-related symptoms.
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RESULTS

Novel video monitoring system for age-based behavioral
analysis

Video analysis is a common tool for quantifying behaviors in
rodent experiments, however, the use in sleep and circadian
rhythms research requires experienced scorers and large quan-
tities of time. Video recording cages with automated behavioral
scoring provide instant computer-generated analysis of sleep and
activity in real time. The software also provides data for general
activity, daily rhythms, sleep, and masking to night-time light
exposure. To validate the accuracy of the analysis, the quantifica-
tion of sleep was compared between manual and automated
scoring at the minute level (Supplemental Fig. 2). Both young and
old animals had significant correlation between manual and
automated scoring. Young animals had significant regression
equation (F(1, 4781)= 77,114.89, p < 0.001), with an R of 0.9328.
The residuals in the younger animals were skewed toward
predicting more sleep in the automated setting. Old animals
had significant regression equation (F(1, 5706)= 42,737.06, p <
0.001), with an R? of 0.882. Older animals had less skewed
residuals but had a lower prediction accuracy (—5.08%).

General activity evaluation

The 24-hour profile of all three general activity variables followed
the same pattern: low activity during the daytime (inactive phase)
and heightened activity during the nighttime (active phase). Time
(F(2.867, 40.137) = 57.99, p < 0.001) and age (F(1,14) = 8.55, p =
0.011) both had main effects on total distance traveled (Fig. 1A).
There was also an interaction between age and time (F(2.867,
40.137) = 4.887, p = 0.006) with different distances based on age.
Young animals traveled more than older animals but only at ZT14-
17 and ZT22-23. A main effect for time (F(3.606, 50.485) = 78.45,
p < 0.001) was found for total time spent in movement (Fig. 1B) as
well as an interaction between time and age (F(3.606, 50.485) =
4.372, p = 0.005) with increased time spent moving among young
animals at ZT14-17 and ZT23. As both distance and time spent
moving were suppressed by age, we saw the greatest effect on
velocity (Fig. 1C). Time (F(3.270, 45.786) = 59.27, p < 0.001) and
age (F(1, 14) = 13.43, p = 0.003) had main effects on velocity with
an interaction between the two variables (F(3.270, 45.786) = 5.83,
p = 0.001). These results indicate that velocity for young animals
was significantly faster than older animals both at night (ZT12-18,
ZT21-23) and during the day (ZT0-ZT6). Overall, significant
differences between the two age groups were detected for all
variables of distance, movement, and velocity.

Day/night analysis between the variables generally showed a
stronger effect of age on general activity during the active phase
than the inactive phase. Distance traveled (Fig. 1D) had main
effects of both time (F(1, 14) = 117.82, p < 0.001) and age (F(1, 14) =
5.76, p = 0.031), and an interaction between the two variables (F(1,
14) = 8.55, p = 0.011). There was a significant difference between
young and old animals only during the active phase points
(t(14) =2.86, p = 0.013). Total time spent in movement (Fig. 1E)
had a main effect of time (F(1, 14) = 187.08, p < 0.001) and an
interaction between time and age (F(1, 14) = 4.85, p = 0.045).
There was a significant difference between age groups only
during the nighttime points (t(14) = 2.22, p = 0.043). Again, the
greatest effects were observed with velocity, as both distance
traveled and time spent moving were suppressed in older animals.
Velocity (Fig. 1F) had main effects of both time (F(1, 14) = 137.07,
p < 0.001) and age (F(1, 14) = 13.42, p = 0.003), and an interaction
between the two variables (F(1, 14) = 137.07, p < 0.001). There was
a significant difference between age groups during both the
active phase points (t(14) = 3.55, p = 0.003) and inactive phase (t
(14) = 2.14, p = 0.050). All variables were able to effectively
demonstrate the significant differences in activity between the
age groups and provide unique information about these changes.
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Daily rhythms and circadian analysis

The video recording equipment and software produced data were
both converted into actograms for manual circadian analysis or
text files for Cosinor analysis. Representative actograms (Fig. 2A) of
the two age groups demonstrate the dramatic difference in the
expression of circadian parameters in 12:12 LD conditions. Onset
of activity (Fig. 2B) in the older animals occurred 34.1 £ 10.5 min
prior to lights off which was significantly earlier (t(14) = 4.02, p =
0.001) than younger animals that started activity after lights off,
8.1 £ 1.5 min. Offset of activity was similar between the two age
groups occurring between 13 and 17 min before lights on (t(14) =
0.31, p = 0.733). Altered onset impacted the lengths of both the
active (alpha, a) and inactive (rho, p) periods. Older animals had
significantly longer o’s (t(14) = 2.17, p = 0.048) and shorter p's (t
(14) = 3.14, p = 0.007), making the alpha/rho ratio higher in older
(1.06 + 0.14) than younger (0.92 + 0.06) mice and demonstrating
alterations in the circadian phase and increased susceptibility to
desynchrony. The precision of the onset (Fig. 2C), which
represents day-to-day variability in the pacemaker period or
wake-up time®#33, was significantly worse in older animals with a
higher degree of variance between the 8 days analyzed (t(14) =
4.76, p = 0.001). Additionally, the actograms highlight the greater
proportion of activity at night in older mice. When comparing the
percentage of general activity during the day and night the
pattern is different than the raw values above. Older mice spend
significantly (t(14) = 1, 11, p = 0.032) more of their active
time at night, 28.7 £ 0.02%, when compared to younger mice,
25.2 + 0.02%.

Cosinor analysis provided information on the features of a
sinusoidal wave fitted to the data and demonstrated both
similarities and differences between the age groups. Variables
that measure time were not significantly different between the
age groups. The period of the rhythm (t(14) = 0.98, p = 0.345) in
older and younger animals in 12:12 LD were both close to 24 h.
Acrophase, the time of the wave peak, was also not significantly
different between the two age groups (t(14) = 1.57, p = 0.139);
occurred at 21.2 + 0.6 h for older animals and 22.1 = 0.2 h in
younger animals. Variables that measure the height and strength
of the sine wave were both significantly different (Fig. 2D, E),
amplitude (t(14) = 2.23, p = 0.042) and mesor (t(14) = 3.39, p =
0.004), respectively. Circadian parameters in 12:12 LD examined
here are clearly impacted by aging.

Sleep behavior

Older and younger mice had distinct differences in the percentage
of exhibited behaviors across the active and inactive periods
(Fig. 3A, B). Most behaviors had a main effect of age: sleep
movement, resting, grooming, nesting, and eating, or an
interaction of age with time: sleep and activity (Table 1). Younger
animals had higher levels of sleep, activity, and grooming, while
older animals had more sleep movement, rest, nesting and eating.
Drinking was the only variable to have only a time effect with
drinking happening primarily in the night (active period).

The analysis of Sleep Bout number and length were also
compared between the ages for both manual and automated
data. For the manual scoring, there were significant differences
only for the daytime period (inactive period) in both the bout
length (t(12) = 2.499, p = 0.028; Fig. 3B) and bout number (t(12) =
2.331, p = 0.038; Fig. 3C). Older animals had fewer (23.14 + 2.60)
but longer (1314.07 = 115.64 s) bouts than young animals
(number:30.57 + 1.83; length: 954.77 + 52.67 s). Automated
scoring had the same trend but only had a significant difference
in length (t(12) = 2.531, p = 0.026) and a trend for bout number
(t(12) = 1.897, p = 0.082) during the day. Interestingly in the
automated data, older mice spent more time sleeping outside of
the times defined as bouts, which was classified as “Resting”
in manual scoring, compared to young animals (t(12) = 3.100,
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The effects of age (6 weeks vs. 18 months) on general activity levels using three variables: distance (cm), time spent in movement

(s), and velocity (cm/s). Light gray blocks indicate night while white sections of the graph correspond with the day, ZTO is light on. Distance
traveled in centimeters showed significantly higher values for young mice in 24 h (A) and Day/Night (B) profiles. The 24 h profile had
significantly higher distance traveled during both the night and day, however when the data were binned into 12 h night and day values, only
the nighttime differences were significant. Movement time in seconds showed significantly higher values for young mice in 24 h (C) and Day/
Night (D) profiles. For this variable, the timepoints with significant differences were only during the night for both 24 h and day/night profiles.
Velocity in centimeters per second showed significantly higher values for young mice in 24 h (E) and Day/Night (F) profiles. Unlike the
previous two variables there were significantly difference during both the night and day for 24 h and day/night profiles. *p < 0.05.

p = 0.009). Sleep behavior is different between the two ages, the
novel system replicates previous findings of sleep quantity and
bout number but also provides further data on additional
behaviors, such as grooming, nesting and eating.

Masking of activity to night-time light

Masking differences between the age groups is hinted at in the
general activity and circadian data, as older animals have higher
daytime activity and activity onsets that begin during the light
phase. When the masking pulse data was plotted at the minute
level over the three hours (1 h before the LP, during the LP and 1 h
Recovery), mice of all ages behaved similarly at the baseline hour
with averages around 0% relative activity (Fig. 4A, Left). During the

Published in partnership with the Japanese Society of Anti-Aging Medicine

hour of LP, animals in both had suppressed activity within the first
5 min and suppression was identical between the old and young
groups until the final 10 min of the pulse and the beginning
10 min of recovery (Fig. 4A, Right Inset). During this time older
animals appear to no longer suppress activity from the LP 1 min
before lights out with activity levels returning to 0%. Young
animals, on the other hand, took 4 min in complete darkness to
resume baseline levels of activity. Interestingly, young animals
appeared to rebound differently to the LP in the recovery hour
with heightened activity levels.

Gross total distance traveled for the LP day and the previous
day (control) was plotted by the hour to statistically examine the
phenomena (Fig. 4B). Control times did not have significant main

npj Aging and Mechanisms of Disease (2021) 10
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Fig. 2 Circadian rhythms parameters examined under standard 12:12 light:dark conditions. A Actograms of young (left panel) and old
(right panel) mice show clear differences in the circadian profiles of activity behaviors between the two age groups. Along the top of the
actograms are white and black bars indicating day and night, respectively. Old mice have more diffuse activity during the day, unlike the young

mice that are only active at night. B Onset and offsets for these mice
animals active more than 30 min before lights off. C The precision of the

were plotted and showed a significant difference in onset, with old
daily rhythms was also significantly higher in old mice, indicating a less

accurate internal clock. Finally, old mice showed dampened rhythms with lower amplitude (D) and mesor (E) values than young mice. *p < 0.05.

effects of age (F(2, 28) = 13.42, p = 0.564) or time (F(2, 28) = 0.638,
p = 0.536) and no interactions (F(1, 14) = 1.621, p = 0.224). The
lack of significance indicates that activity is the same for all the
ages and times on the control day. Relative activity levels were
calculated by dividing each hour by the same hour on the control
day and multiplying by 100 to create a percentage (Fig. 4C). One-
way ANOVAs showed significant difference in activity at the three
time points for both young (F(2, 14) = 63.94, p < 0.001) and old
(F(2, 14) = 7.073, p = 0.008) animals. Young animals had a
different pattern, with higher activity on the hour of recovery than
the baseline hour prior to the LP (t(7) = 3.464, p = 0.01).

npj Aging and Mechanisms of Disease (2021) 10

Manual scoring of behavior during and after the LP for eight
animals (four mice/group) showed no significance during the light
pulse time for the combined active (t(6) = 1.829, p = 0.117) and
inactive (t(6) = 1.828, p = 0.117) variables. Only rest (t(6) = 2.584, p =
0.042) and grooming (t(6) = 3.271, p = 0.017) were significantly
different between the age groups at the individual variable level.
Older animals rested more (+2.75%) and groomed for less time
(—7.32%) than younger animals. During the recovery hour, there was
a trend toward significance for both the combined active (t(6) =
2.292, p = 0.062) and inactive (t(6) = 2.076, p = 0.083) variables, with
younger animals active for a greater percentage of the time
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Fig. 3 Sleep analysis of young and old mice using the manual video scoring technique. A Sleep-like behaviors plotted across 24 h in
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(+1.43%). Again, rest was the only variable that was significantly
higher for older animals (t(6) = 2.847, p = 0.029). Together, these
data suggest masking is directly impacted by aging more clearly
during the recovery from the exposure to light.

Long-term alteration in the non-image forming visual
pathway

Histology: retinal and brain. Retinas of both young and old
animals were stained for melanopsin and counted using confocal
microscopy (Fig. 5A). On average, the total number of ipRGCs in
the 18 month old animals was 51% less than 6 week old animals
(Fig. 5B) and was significantly different from one another (t(6) =
—10.182, p < 0.001; Fig. 5C). Figure 6 shows the comparison of
Nissl staining to MRI for one representative animal. All regions of

Published in partnership with the Japanese Society of Anti-Aging Medicine

interest are clearly visible, validating the use of MRI for the
quantification of the volumes of these regions. Higher resolution
MRI, 33 um vs. 50 um, allows for further subdivision than our prior
publication®* of the geniculate complex into dorsal and ventral
components. Additionally, as described below, we analyzed
regions involved in various learning and memory also visible in
our MR images, including the caudate nucleus, cerebellum, and
basolateral amygdala.

Ex vivo MRI volume analysis

Total brain volumes between young and old animals were not
statistically different between the two age groups (Table 1). Young
animals had an average brain volume of 218.73 + 9.9 um, while
older animals had slightly larger brains, 240.18 + 7.14 pm.

npj Aging and Mechanisms of Disease (2021) 10
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Statistical analysis of manually scored behavior.

Table 1.

Pattern

Age x Time

Time

Age

Younger more sleep (ZT7 & 10)

0.027*

F(23, 276) = 12.310, p = 0.377

F(23, 276) = 0.589, p = 0.934

F(23, 276) = 1.691, p

F(23, 276) = 12.310, p < 0.001*
F(23, 276) = 3.538, p < 0.001*
F(23, 276) = 0.692, p = 0.853

F(1, 12) = 0.013, p = 0.909

F(1, 12) = 9.706, p

Sleep

Older more sleep movement

0.009*

Sleep movement

Older more rest

F(1, 12) = 44.789, p < 0.001*
F(1, 12) = 7.334, p = 0.019*
F(1, 12) = 5.262, p = 0.041*

Resting

Younger more active (ZT13, 14, and 23)

F(23, 276) = 2.324, p = 0.001*
F(23, 276) = 1.389, p = 0.114

F(23, 276) = 11.785, p < 0.001*

F(23, 276)

Active

Younger more grooming

2.375, p = 0.001*

Grooming

Older more nesting

F(23, 276) = 0.572, p = 0.944
F(23, 276) = 1.320, p = 0.273

F(23, 276) = 1.965, p = 0.006*

F(1, 12) = 0.6.672, p = 0.024*
F(1, 12) = 9.706, p < 0.001*
F(1, 12) = 3.867, p = 0.073"

Nesting

Older more eating

F(23, 276) = 68.019, p < 0.001*

Eating

No age difference

F(23, 276) = 1.462, p = 0.083"

F(23, 276) = 11.617, p < 0.001*

Drinking

*Bolded and statistical significance at p < 0.05.

*Trend toward significance p < 0.10.
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Comparing the 3D volume maps, there are regions that appear to
have visible differences between the ages in both learning/
memory and circadian visual circuits (Fig. 7). For the learning/
memory regions, the hippocampus and cerebellum are clearly
smaller in the older animals; the olfactory bulb, on the other hand,
appears smaller in the younger animal, however, this is an artifact
of damage sustained to the brain of the representative mouse
during extraction. While the literature often only focuses on the
hippocampus when interrogating changes in learning and
memory, here we are including other critical structures that are
often overlooked. When comparing the relative differences
between the age groups, the cortex (—12%), hippocampus
(—26%), and cerebellum (—20%) all had significantly decreased
volume sizes in older mice. The amygdala also had a decrease in
old animals (—25%) but the difference was only trending toward
significance (Table 2). For the circadian visual system, the most
striking difference in the 3D volume (Fig. 7) was the larger optic
tract observed in older mice. When comparing the relative
differences between the age groups, the optic tract (+47%),
superior colliculus (—19%), habenula (—30%), and dorsolateral
geniculate nucleus (—25%) were all significantly different between
the groups. The superior colliculus (SC), habenula (EPI), and dorsal
lateral geniculate nucleus (dLGN) were smaller in the older
animals, while the optic tract was larger. These data demonstrate
that age impacts the total volume of areas critical for learning and
memory as well as sleep and circadian rhythms, and are the first to
describe this long-term atrophy in the non-image forming visual
system.

DISCUSSION

This study demonstrated that aging greatly impacts (1) behavioral
expression of general activity, circadian rhythms, sleep, and
masking to night-time light and (2) the morphological structures
of the retina and brain important for the regulation of sleep and
circadian rhythms. Using a novel video tracking system, we
accurately monitored detailed information about the activity
patterns, including distance traveled, time spent moving, and
velocity, as well as the identification of complex behaviors, such as
sleep, grooming etc., at levels comparable to a that of a trained
human scorer. These complex behaviors have not been explored
in the same capacity in previous publications, as it would require
more even more time to process the data for a human scorer.
The automated system significantly reduces the total man hour
needed to acquire the data, with one scorer taking 6 h at 4x speed
to quantify the behavior of one animal for 1 day. The automated
system scores the data in real time as the videos are recorded. Our
findings further highlight the impact of aging on the non-image
forming visual systems; with reductions in number of retinal
ipRGCs and decreased brain volumes in older mice. These findings
suggest that disruptions of sleep and circadian rhythms are
partially attributed to impaired input pathways, which lead to less
entrainment information activating regions of the brain important
for promoting sleep and circadian behaviors. The decreased
sensitivity of these regions to light information from the retina
caused by age may predispose older individuals to developing
treatment-related symptoms, suggesting the need to understand
the effects of treatment on these pathways.

Sleep disturbances are more common in patients with chronic
diseases such as cancer®, and cancer treatments, like radiation,
can contribute to the development of symptoms®. Older
individuals are more sensitive to developing these sleep issues
after treatment®” and demonstrate weaker rhythms compared to
young controls in the healthy population®. Behavioral alterations in
sleep and circadian rhythms in our mouse model are similar to
those described in aged humans and other rodent models. Here
we validate the use of an automated video system, video recording
cages and software, for the analysis of sleep and circadian rhythms
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Fig. 4 The masking effects of nighttime light exposure given at ZT14 between the age groups. A A plot of before, during, and after the
masking pulse spanning three hours of activity in one-minute bins (Left Panel). The gray area indicates the hours before and after the light
pulse (LP), while the white indicates light exposure. The inlet highlights the transition period 10 min before and after the return to darkness as
animals return to baseline activity levels (Right Panel). Young animals in light gray recover from the LP after being returned to darkness (Gray
Arrow) while the older animals in black do not sustain activity the entirety of the LP (Black Arrow). B Activity for animals plotted at the hour
level on a control day, where no LP is given, did not differ across the 3 h between either young or old animals. However, both ages had
dramatic differences in activity levels on the LP day. C Statistical comparisons of activity levels, corrected to control day levels as a relative
percentage, indicate significant suppression of activity during LP and heightened recovery levels in young mice at ZT15. D and E Video
analysis during LP (D) and Recovery (E) demonstrated alterations in time spent engaging in different behaviors between the age groups.
Resting was significantly greater for older animals during both times, while grooming was reduced only during the LP. Old animals also had a
trend in significance for higher nesting and lower eating levels during recovery. ¥<0.05, p < 0.1.

Young Young

and explore the masking responses of older animals for the first
time. To our knowledge, only one study has implemented the use
of the software to plot activity across 24 h for mice but did not
investigate detailed circadian parameters®®. The study collected
telemetry data and suggested that the surgical implants required
were more invasive than video, but did not compare the results to
sleep calculated by the Mouse Behavioral Module. Video analysis
also encourages more natural behavior than the use of traditional
running wheels, which can alter rhythms as they are addictive®4°,
Our study easily detected the decrease in general activity and
dampened amplitude of daily rhythms in older mice that is
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observed with traditional activity detection*'. From the actograms
we generated, precision of activity onset was calculated and again
matched the results of the previous literature’*% Circadian
rhythms were therefore easily analyzed with the automated data
collected of the video recording cages and software and
duplicated the results of traditional methods. In our hands, sleep
detection with the automated system was equivalent to manual
scoring by an experienced scorer. The analysis was able to easily
detect differences in both sleep quantity between older and
younger mice, and the alteration in bout length and number
caused by age.
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Fig. 5 Histological analysis of intrinsically photosensitive retinal ganglion cells (ipRGC) from the retinas of old and young mice stained
for melanopsin. A Whole mount retinas of the mice were divided into four petals, one image for counting was taken for each petal and from a
central location. B The number of total melanopsin positive cells (White Arrows) were lower in old mice (Right Panel) than in their younger
counterparts (Left Panel). C Statistical analysis of the number of cells per section demonstrated a significant difference between the age
groups, with a 50% reduction in number of cells in older mice. *p < 0.05.

We also explored the impact of age on the masking responses
to light using the video system in our mouse model. Masking is
the immediate response to the presentation of a stimulus, such as
light, that can interfere with the examination of intrinsic circadian
rhythms*®. However, these behaviors play a crucial evolutionary
role in promoting behavior during the appropriate time-of-day; for
nocturnal mice, light will induce sleep, while for diurnal humans, it
promotes activity*®. Patients that experience sleep disturbances
after treatment often report heightened daytime sleep or
hypersomnolence, which should not occur if masking is promot-
ing activity during the light phase. The suppression of activity in
our animals was similar between age groups for the hour of light
presentation during the night. Other studies that have examined
the pupillary light reflex, which uses the same visual pathway as
masking, reported similar findings (no or little significant
differences between ages***® in humans and mice®°. Although
in our data, older animals did recover from the LP before they
were returned to darkness and there was a large significant
difference in the degree of the recovery response after LP
between the ages. There is only one other paper that explores
masking effects of light in older mice reports similar findings, as
they show only two significant age effect for proportion of time
asleep following light pulse and speed of waking in B6N mice®.
That study however exposes mice to a LP at ZT16 and only
compares middle aged (5 month) to older (20 month) mice.
During the normal LD cycle, we also observed higher daytime
activity and activity onsets that begin during the light phase, all
suggesting differences in the degree of masking in the older
population. Further investigation into the effects of age on
masking are merited including the timing of LP and intensity or
duration of the light pulse. These findings also pose the
interesting question of why masking behavior to light appears
to be better maintained in older mice than circadian rhythms.
Overall, behavioral activity, sleep and masking differences
between the age groups are clearly detected with the system.
All three behaviors are dependent on the non-image forming
visual pathway prompting our investigation of this system in the
retina and brain.

The impact of oncologic therapy can manifest as changes in
brain structure volumes; however, studies have only focused on
learning and memory regions. Specifically, hippocampal volume
loss due to cranial irradiation is a commonly used predictor of
cognitive disfunction®®. The negative effects of cranial irradiation
have encouraged the development of treatment plans that spare
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damage to the hippocampus to avoid negative cognitive out-
comes®. Our animals showed decreases in size within the
hippocampus, cortex, and cerebellum in the old group, which is
similar to previously published findings in aged humans*~2 We
examined the importance of other regions that regulate sleep and
circadian rhythms in this same manner. The non-image forming
visual system is key in regulating circadian rhythms, sleep and
masking behaviors; functioning to transmit important light
information®”>° and driving behavior directly’>™”. Others have
shown that the SCN and IGL are less activated by light in older
animals®®°, here we demonstrate that these decreases in
activation from the deterioration of retinal ipRGC have long term
consequences in brain volumes. In our animals, we found
significant differences in sizes of the opt, SC, dLGN, and EPI
between our 7 week and 18-month-old mice. Previous literature
has demonstrated that damage to retinal projections leads
to decreases in volume of these regions in the healthy
organisms®®%2, Our study demonstrated marked decreases in the
number of ipRGCs observed within the retina of older mice,
approximately halving the number of cells and therefore reducing
the possible signal generated within the eyes. Since light
information that regulates circadian rhythms, pupillary light reflex
and masking is only transmitted directly by ipRGCs or through the
ipPRGCs as a conduit from the rod/cones?’™°, these findings
suggest that brain regions receiving light information atrophy as
older animals lose ipRGCs critical for signaling within the non-
image forming visual pathway. The opt was the only region that
showed a dramatic increase in size with age, however, prior studies
had demonstrated that older animals develop gliosis within the
optic tract®>®*, Therefore, the tract could be enlarged due to
inflammatory responses or other changes within the structure as
myelin degenerates across age and does not indicate increased
projections. Clearly, aging impacts the size of these regions and the
expression of circadian/sleep patterns generally; it may therefore
benefit the patient populations with progressed age to protect
these regions during medical therapy.

Overall, our work established a novel video system capable of
visualizing behavioral changes of sleep and circadian rhythms
beyond those traditionally described in the literature, and for the
first time demonstrated the long-term atrophy of brain regions
during the normal aging process in a mouse model. This provides
an important insight into the alterations that predispose older
individuals to developing circadian and sleep dysfunction with
additional environmental stressors. This work showed that the
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Fig. 6 High-resolution T1 weighted magnetic resonance images compared to Nissl stained brain sections from one representative
mouse. Structures observed within the stained section are clearly identified within the scans. These structures include the cortex (CTX),
caudate nucleus (CP), hippocampus (HIP), habenula (EPI), basolateral amygdala complex (BLA), optic tract (opt), superior colliculus (SC), and
lateral geniculate nucleus (LGN). The greater resolution (32 ym) utilized in this manuscript allowed for the identification of subregion of the
LGN, ventral (vLGN) and dorsal (dLGN) components.
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Fig.7 Three-dimensional volume rendering of learning/memory and retinorecipient non-image forming visual regions in young and old
mice. Volumes for the cortex (black), olfactory bulb (light orange), hippocampus (yellow), amygdala (teal), caudate nucleus (dark purple),
cerebellum (red), superior colliculus (blue), geniculate complex (dorsal, dark green; ventral, light green), habenula (dark orange) and the optic
tract (light purple) are shown in three orientations. The brains of the two age groups are represented in identical proportions to demonstrate
the relative size differences between visual structures. Most notably, a greatly enlarged optic tract is observed within older mice.

aged circadian visual system, which delivers important input to
the SCN and downstream non-image forming visual regions, is
affected at the level of the retina and more importantly that these
alterations within the retina causes by age lead to atrophy within
the brain. Our previous publications have highlighted the
importance of some of these downstream regions in driving the
normal activity and sleep patterns of animals**®>~%’, Behaviorally,
daily activity is greatly suppressed in older mice, characterized by
slower movements and shorter distances. Additionally, during
masking light exposure, older mice do not sustain suppressed
activity for the complete LP duration and have lower rebound in
activity upon return to darkness. Circadian parameters in older
mice also demonstrated a dampening and lowered precision in
daily rhythms. Finally, younger animals slept less during daytime
(ZT7 and 10) and have shorter duration but increased number of
sleep bouts. Overall, we replicated the previous behavioral
findings with a modern technique at a more granular level, which
included the description of other complex behaviors. Our results
demonstrate the effective use of a novel video monitoring system
for quantifying circadian rhythms and sleep in mice and validates
the ability of structural MRI to monitor intraspecies changes in
brain volume caused by age. Aging clearly impacts circadian
rhythms and sleep behavior, and these findings are correlated to
the atrophy found within the non-image forming visual system.
Ultimately, monitoring these brain changes will be critical for
understanding sleep disturbances in patients and will provide
potential mechanisms for intervention. Cranial irradiation has
already been directly linked to the atrophy of brain regions
important for learning and memory and decline in cognitive
function for brain tumor patients®®*°, Our future work will
investigate the sleep disruption after cancer treatments, such as
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cranial irradiation, and will integrate volume monitoring of the
non-image forming visual system®, as atrophy of these regions
are clearly linked to behavioral changes in aged mice.

METHODS
Animals and housing

Sixteen adult, male C57BL/6 mice were obtained from Charles River
Laboratories (CRL, Dublin, VA). Only males were used in this study,
however, future work should include both sexes. Animals were singly
housed in PhenoTyper® 3000 cages (Noldus Information Technologies;
Wageningen, Netherlands) and monitored continuously using the Ethovi-
sion XT 14 Software (Noldus Information Technologies). Food and water
were provided ad libitum and lights were on a 12:12 Light:Dark (LD)
schedule with intensities ranging from 0 to 60 lum/ft>. Experimental
procedures were approved by the Institutional Animal Care and Use
Committee at the National Cancer Institute and followed the National
Institute of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23) revised 1996.

Experimental design

Two age groups were compared within the experiments, a young group
(7 week, n = 8) and an old group (18 months, n = 8). Young animals were
acclimated for 7 days upon arrival from CRL, while old mice were aged in
house to ~18 months of age. We compared several important behaviors
impacted by age using the novel PhenoTyper® video system: general
activity daily rhythms, sleep-like behavior, and masking responses to
nighttime light (Supplemental Fig. 1). To examine sleep-like behavior, we
used the Automatic Mouse Behavior Recognition Module (Noldus
Information Technologies), which is a computer automated program
designed to score behaviors. To validate the accuracy of the software, one
blinded scorer (DSM) manually identified sleep-like behavior, grooming,
eating, and drinking and compared it to the results obtained from the
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Table 2. Quantification of regions of interest MR images.
Age Volume (mm?) Statistics Significance Percentage (%) Statistics Significance

Whole Young 218.73 £ 9.9 t(8) = 1.759 p =0.117
Old 240.18 + 7.14

Learning/Memory regions

CTX Young 71.03 £ 1.96 t(8) = 0.759 p = 0.470 32.51 + 0.48 t(8) = 3.277 p = 0.011*
Old 68.63 + 2.48 28.66 + 1.06

OB Young 9.43 + 0.56 t(7) = 1.378 p = 0.211 4.11 £ 0.21 t(7) = 0.006 p = 0.995
Old 10.29 + 0.44 432 £ 0.26

HIP Young 12.37 + 0.46 t(8) = 3.800 p = 0.005* 5.67 + 0.26 t(8) = 4.226 p = 0.003*
Old 10.09 + 0.38 4.23 + 0.22

CcpP Young 12.09 + 0.53 t(8) = 0.513 p = 0.622 5.53 + 0.20 t(8) = 1.137 p = 0.288
old 1245 + 045 5.20 + 0.21

CB Young 31.44 + 1.02 t(7) = 3.556 p = 0.009% 14.06 + 0.56 t(7) = 3.787 p = 0.007*
Old 27.07 £+ 0.63 11.32 + 0.41

BLA Young 233 £0.32 t(8) = 1.252 p = 0.246 0.32 £ 0.04 t(8) = 2.060 p = 0.073"
Old 1.92 £ 0.11 0.24 £+ 0.01

Circadian visual regions

opt Young 2.07 + 0.04 t(4) = 5.814 p = 0.004* 0.27 + 0.01 t(4) = 3.484 p = 0.025%
Old 3.32 + 0.16 0.40 + 0.03

dLGN Young 2.44 + 0.12 t(8) = 2.525 p = 0.036* 0.33 + 0.03 t(8) = 2.975 p = 0.025%
Old 2.03 + 0.11 0.25 + 0.01

VLGN Young 0.79 £ 0.05 t(8) = 0.161 p = 0.876 0.11 £ 0.01 t(8) = 0.878 p = 0.406
old 0.8 + 0.05 0.10 + 0.004

EPI Young 1.05 £+ 0.08 t(8) = 1.928 p = 0.090" 0.14 + 0.02 t(8) = 2.557 p = 0.034*
Old 0.83 £+ 0.08 0.10 + 0.01

SC Young 463 + 0.11 t(8) = 1.644 p = 0.139 0.63 + 0.02 t(8) = 3.072 p = 0.015*
Old 4.12 £ 0.28 0.51 + 0.03

CTX cortex, OB olfactory bulb, HIP hippocampus, CP caudate nucleus, CB cerebellum, BLA basolateral amygdala, opt optic tract, dLGN dorsal lateral geniculate

nucleus, vLGN ventral lateral geniculate nucleus, EPI habenula, SC superior colliculus.

*Bolded and statistical significance at p < 0.05.

Trend toward significance p < 0.10.

software on one representative day (day 4). General activity was examined
across days 3-10. Masking to a 1-h pulse of light was measured on the
night of the 11th day at ZT14. The effects of age on the input system that
regulates the circadian and masking response were examined by
measuring the number of ipRGCs within the retina of all mice, and
determining the relative size of regions of the brain receiving ipRGC
projections using anatomical MRI and histology.

Behavioral analysis

To examine general activity rhythms, animals were recorded in the
PhenoTyper® 3000 cages for 10 days, the last 8 days were used to compare
daily rhythms in general activity between the ages. Total distance traveled,
movement time, and velocity were examined across 24 h in 1-h intervals
and day/night levels to compare the profiles of activity between groups.
Using the raw 6-min level data of distance traveled, Cosinor analysis
(Roberto Refinetti’'s Circadian Cosinor Software, http://www.circadian.org/
main.html) determined the period, amplitude, mesor, and acrophase of the
daily rhythms for all animals. To further probe circadian variables for
activity, actograms of total distance traveled in 10 min bins were
generated for all animals and scored for activity onset and offset by two
blinded scorers (DSM and DY). Phase angle of entrainment was calculated
from the difference between the activity onset and lights out. Precision
was defined as the variability in the phase angle of entrainment across the
8 days of activity.

Video analysis of behaviors was scored for one day (day 4) across 24 h
by a blind observer (DSM) and verified by second observer (DY). To
ensure clear video monitoring of behavior, mice were only given limited
nesting material and no bedding or shelter during recordings. The

Published in partnership with the Japanese Society of Anti-Aging Medicine

observer scored sleep-like behavior, sleep movement, rest, activity,
grooming, nesting, eating and drinking (Supplemental Video 1). Sleep-
like behavior was defined as complete immobility in one position for
greater than 1 min, however if animals would adjust their bodies slightly
but then continue to maintain immobility in the new position this was
coded as sleep movement. Rest was defined as immobility with small
movements, often of the head, and occurred outside of the nesting
material. During sleep-like behavior, number of sleep bouts and total
bout duration were calculated, a bout was defined as the sum of all 1-min
bins that were greater than 50 s and occurred sequentially for a least
3 min. Activity was comprised of walking, climbing, rearing, and sniffing
and was characterized by large movements in location within the cage.
Total quantities of sleep behavior were compared across 24 h, and during
the active and inactive periods to the values compared to the numbers
generated by the Automatic Mouse Behavior Recognition Module
(Noldus Information Technologies).

Masking behavior was tested on the 11th night of the experiment. A
light pulse (LP) was given at the timepoint zeitgeber time (ZT) 14, 2 h after
lights off, the optimal time established in mice to observe clear light-
induced masking behavior in general activity®”. One-hour pulses of 60 lum/
ft? light originated from overhead room lighting at the same intensity as
experienced during the regular light/dark cycles, intensity was continually
measured using the HOBO light-level logger pendant (MX2202, Onset
Computer Corporation, MA) placed at cage level. Data were plotted in 1-
min bins to quantify the rate of initial response to light presentation and
rate of recovery when returned to darkness. Total activity in 1-h bins were
measured during the hour of the LP and the hour after mice were returned
to darkness. These values were corrected to the levels of activity observed
during the same hours on a control day and are presented as relative
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percentage of activity. Video analysis of behaviors were scored during the
LP hour and the hour after, and the percentage of different behaviors were
plotted as bar graphs.

Ex vivo anatomical MRI

At the completion of the behavioral experiments, animals acclimated for
3 days and then were sacrificed via cardiac perfusion using a 4%
paraformaldehyde solution. Brains were post-fixed for 4 h and then
transferred into 0.1% gadolinium-doped PBS solution (Magnevist, Bayer,
NJ) for a minimum of 48 h prior to scanning. Before scanning, brains were
halved and placed in a 10 mm tube filled with Flourinert (3 M Company,
MN). The tubes were secured into 14.1 T/4 c¢cm Bruker microimaging
scanner with a MicWB40 probe (Bruker Corporation, MA) and imaged using
a FLASH sequence with the following parameters: TE = 5 ms, TR = 50 ms,
FOV = 1.6 x 0.8 x 0.8 cm, resolution = 32 x 32 x 32 um, Averages = 10
and total scan time = 8 h 49 m. Images were converted into DICOM files
and analyzed for volume differences using FIJI Measure tool®® as previously
described®’. In brief, three components of the retinohypothalamic tract
were measured in both young and old mice: optic tract (opt), superior
colliculus (SC), and lateral geniculate nucleus (LGN) subsections into
ventral (vLGN), dorsal (ALGN). Regions of the brain associated with learning
and memory were also quantified and included the hippocampus (HIP),
caudate nucleus (CP), olfactory bulb (OB), cortex (CTX), cerebellum (CB),
and basolateral amygdala complex (BLA). Total brain volume for each
animal was used to correct volumes of all regions which eliminates the
effects of possible overall size differences between young and old animals.
Values produced are therefore a relative percentage. Volume renderings
for figures were generated using the 3D Slicer 4.8 program (https://www.
slicer.org/)’®.

Retinal and brain histology

Retinas were extracted from mouse eyes after post fixation for 1 h and
stained for melanopsin, as previously reported®. In brief, whole eyes were
removed from perfused mice and were place in a 5% PFA solution for 1 h.
Using a Leica dissecting microscope, retinas were microdissected from the
sclera and stored in PBS at 4 °C until staining. Whole retinas were rinsed
with 1% hydrogen peroxide solution and then washed three times in 0.3%
Triton-X in 0.01 M PBS. Retina were blocked for 1 h at room temperature in
normal donkey serum (Jackson ImmunoResearch Laboratories, West Grove,
PA) and then incubated for 72 h at 4°C in rabbit anti-OPN4 primary
antibody (1:2000, Invitrogen, Carlsbad, CA). Sections were washed three
times with 0.3% Triton-X in 0.01 M PBS and then incubated for 1 h with a
fluorescently tagged secondary antibody, Cy3-conjugated donkey anti-
rabbit (1:200, Jackson ImmunoResearch Laboratories, West Grove, PA).
Whole mount retinas were placed on glass slides and coverslipped with
ProLong diamond antifade mountant (Life Technologies Corporation,
Eugene, OR). After 24 h, slides were imaged with a Zeiss confocal
microscope (LSM 700) at five locations across each retina at 20x
magnification. Using the Image J cell count plug-in, each image was
counted for number of total OPN4 + cells.

Brains were flash frozen in Optimal Cutting Temperature media and
sectioned on a cryostat (Leica) at —19°C with 25 pum thickness. Every
third section was mounted on gelatinized slides and dried overnight
before staining with thionin as described in Gall et al.°® to delineated
regions of interest, including areas involved in non-image forming visual
system (dLGN, IGL, VLGN, OPN, SC, and opt) and the suprachiasmatic
nucleus (SCN). Photomicrographs of each region were taken using a Leica
light microscope and compared to MR images to validate regional
identification.

Statistical analysis

General activity data were analyzed using a mixed ANOVA with
Greenhouse-Geisser adjustment for main effects of time (within subject)
and age (between subjects) and their interaction on general activity
measures. Where significant interactions between time and age were
found, comparisons between age groups for each timepoint were analyzed
using independent samples t-tests. For circadian rhythms analysis,
independent samples t-tests were used to analyze onsets/offsets of
activity, alpha, rho, precision, and cosinor variables. To compare manual
and automated sleep scoring we used simple linear regressions with
robust standard errors to adjust for heteroscedasticity. We also compared
differences in bout length and number using independent samples t-tests.
Masking was examined within the age groups independently, with
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repeated measure one-way ANOVAs and then, if significant, compared
with paired samples t-tests. Histology of the retina was compared using an
independent samples t-test. Finally, all volume differences were compared
using independent samples t-tests. All analyses were performed with SPSS
Statistic 23 software (IBM Corp., Armonk, NY) or STATA 16 software (College
Station, TX) and significance for all tests was set at p < 0.05.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon request.
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